In recent years, considerable progress has been made in the simulation of ferritic steel welding processes. The successful residual stress validation of a single-pass autogenous TIG beam weld in SA508 Gr.3 Cl.1 steel has identified key simulation variables required for the accurate prediction of post-weld residual stress in ferritic weldments. The present work outlines a sensitivity study performed to examine the influence of austenite grain growth on predicted solid-state phase transformation kinetics and consequently, residual stress predictions.
Introduction
Previous studies have highlighted the importance of solid-state phase transformation (SSPT) kinetics in the analysis of ferritic steel weld models [1] [2] [3] . The total strain is influenced by a reversible volumetric strain ( ) due to changes in crystal structure during SSPT, and also by a finite irreversible transformation strain ( ). Two mechanisms have been identified that contribute to : (i) the rapid volumetric change during SSPT creates localized micro-plasticity in the weaker phase via local lattice mismatch, leading to directional plastic flow under a deviatoric stress state [4] ; and (ii) variant selection during displacive phase transformations, first attributed to the work of Magee [5] , who postulated the formation of martensite plates on preferred crystallographic planes under a deviatoric stress state to minimize the internal energy.
Oddy et al. [1] have shown the significance of transformation strain on the final predicted residual stress field in single-pass repair welds. The mechanisms for generating have been found to be dependent on both the deviatoric stress state present during SSPT, as well as the transformation rate [6] . Therefore, accurate predictions of SSPT kinetics are required to account for both of these variables. An important characteristic that directly affects SSPT kinetics is austenite grain growth; Coon and Watt [12] have shown that the predicted austenite grain size can have a profound impact on the heat affected zone (HAZ) microstructure. It follows that such an effect would subsequently alter the predicted residual stress field. The present study is therefore an extension of the observations of Coon and Watt, to examine the extent that predictions of austenite grain size will influence the predicted weld residual stress field.
SSPT Finite Element Model
Several recent numerical weld analyses involving ferritic steel have incorporated a phase transformation algorithm to capture local variations in SSPT kinetics [7] [8] [9] . These models use the semi-empirical equations generated by Li et al. [10] to capture the isothermal transformation kinetics in ferritic steels. In these equations, the austenite decomposition to ferrite, pearlite and/or bainite is determined as a function of both the chemical composition of the steel and the austenite grain size (G):
( , ) = (C,Mn,Si,Ni,Cr,Mo, )
where the time τ required for a given transformation to reach a fraction of completion X at constant temperature T (in K) is calculated; ∆T is the amount of undercooling; Q is the activation energy for the diffusion reaction; R is the gas constant; n is an empirical constant based on the effective diffusion mechanism; and ( ) is a sigmoidal function defining the reaction rate. Integration of Eq. 1 into a finite element heat transfer model has been shown to accurately predict the post-weld microstructure present in the fusion and heat-affected zones of a ferritic steel weldment [9, 11] .
Using the austenite decomposition predicted by the SSPT algorithm allows for accurate prediction of the volumetric strain associated with phase change ( ). To capture the irreversible transformation-induced strain ( ), an equation developed by Leblond et al. [6] is used:
where is the deviatoric stress tensor; z is the volume fraction of the phase being formed; K is a material constant, found by Leblond et al. to be ≅ 10 MPa for SA508 Gr.3 steels; and ( ) is a normalized function of the proportion of the phase formed.
To illustrate the sensitivity of residual stress predictions to austenite grain growth, two sets of numerical analyses are performed. The analyses are both sequentially-coupled thermo-mechanical finite element analyses, using the ABAQUS commercial software package. In the first set of analyses, the austenite grain size is predicted using the approach of Ikawa et al. [16] . The steel is assumed to have an initial equi-axed austenite grain size (upon austenisation) of 0.015 mm, which will increase at temperatures above 1000 ℃ at a rate defined by:
where and are the final and initial grain size, respectively; t is the time interval at the elevated temperature T; a and are material constants (equal to 4 and 2.969 × 10 mm 4 /min, respectively); and Q is the activation energy for grain growth (1.269 × 10 cal/g-atom). Larger grain sizes within the fusion zone are predicted using Eq. 4 with an upper bound on T equal to the assumed melting temperature, 1450 ℃. In the second set of analyses, a constant grain size of 15 µm was used; this value was chosen as Ikawa et al. have observed an average initial austenite grain size of between 13 -20 µm for a range of ferritic steels [16] .
Weld Specimen
The simulation objects used for model validation are two sets of edge-welded beam specimens produced under Task Group 5 of the European NeT programme [13] . The welds are single-pass autogenous TIG welds in SA508 Gr.3 Cl.1 ferritic steel. The two weldment sets differ in terms of the torch power, torch speed, and sample pre-heat conditions. A full description of the welding conditions, and the subsequent weld residual stress measurements, has been provided by Smith et al. [14] . The weldments produced using a higher torch speed (TG5-F) have run-on and run-off plates attached as shown in Fig. 1 , to achieve steady-state weld conditions at the beam mid-length. These plates are not required in the slower torch speed welds (TG5-S). 
Results
The microstructural predictions of the ABAQUS SSPT subroutine [9] were validated against both TG5-F and TG5-S weld specimens, by comparing predicted phase-dependent hardness profiles with cross-weld micro-hardness measurements taken at the mid-length of each sample. The predicted hardness was calculated using equations developed by Maynier et al. [15] . Validation of the predicted microstructure for both weldments is shown in Fig. 2 and Fig. 3 for TG5-F and TG5-S specimens, respectively. The predicted cross-weld residual stress profiles for both TG5-F and TG5-S are also presented in Fig. 2 and Fig. 3 , respectively, alongside neutron diffraction and synchrotron X-ray measurements from Smith et al. [14] .
Good agreement between the measured and predicted residual stress profiles is observed for the TG5-F sample (Fig. 2) irrespective of the analysis used (i.e. with or without grain growth), although the predicted phase distributions with and without grain growth are considerably different. The insensitivity of residual stress predictions to delays in austenite decomposition based on grain size for the TG5-F sample shows that when the cooling rate is sufficiently high, it becomes the primary factor influencing the transformation strain and consequently the residual stress state. When considering the predicted phase-dependent hardness, it is clear that the model that accounts for grain growth more accurately captures the measured phase distribution in the sample, which is predominantly martensitic in the fusion zone (Y < 3.5 mm) with increasing amounts of bainite towards the HAZ (3.5 < Y < 6 mm).
In contrast to the TG5-F analyses, the TG5-S analyses (Fig. 3) show no variation of the predicted post-weld phase distribution, which is almost entirely bainitic. However, while the final predicted phase distribution is unaffected, the overall SSPT kinetics are markedly different as evidenced by the residual stress predictions. The SSPT kinetics are therefore increasingly important for accurate residual stress predictions as the cooling rate in the weld region decreases. Unlike the TG5-F analyses, the normal stress profiles in the TG5-S analyses show an increase in model accuracy when no grain growth is considered. This result suggests the austenite grain size is being over-predicted by Eq. 3, leading to an overestimate of the time required for bainite nucleation and growth. The delay in transformation leads to an increase in transformation plasticity, as internal deviatoric stresses accumulate due to thermal mismatch during cooling. The variation in leads to a notable variation in the final residual stress field, as shown in Fig. 3 . Recent studies from Pous-Romero et al. [17] indicate improvements to the accuracy of grain growth models are achievable, which would lead to an increase in the overall numerical accuracy of FEA for phase and residual stress predictions.
Finally, the variation in stress predictions shown in Fig. 3 are confined to the weld fusion zone and HAZ, indicating the SSPT kinetics (as influenced by the austenite grain size) will only affect this region. However, both TG5-S models predict a longitudinal bending stress in the parent metal (12 < Y < 50 mm), which is not measured via both neutron and synchrotron X-ray diffraction techniques. It can be shown that the longitudinal bending stress predictions can be improved through adjustment of the austenisation temperatures ( and ) used in the SSPT algorithm; however, this work lies outside the scope of the present study.
Summary
A series of numerical weld simulations have been conducted based on two sets of edge-welded beams produced using SA508 Gr.3 Cl.1 ferritic steel. The numerical analyses indicate that the higher cooling rates observed in the weld region of the TG5-F sample is the key simulation parameter required for accurate residual stress predictions, while austenite grain size must only be considered for accurate predictions of the post-weld phase distribution. In contrast, the slower cooling rates observed in the TG5-S sample causes residual stress predictions to become increasingly sensitive to phase transformation kinetics, which are directly influenced by austenite grain size predictions.
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Residual Stresses IX Figure 2 . Measured cross-weld micro-hardness profiles (above) and residual stress profiles (below) for the TG5-F sample vs. model predictions that account for grain growth, and model predictions that assume a constant grain size.
Advanced Materials Research Vol. 996 515 Figure 3 . Measured cross-weld micro-hardness profiles (above) and residual stress profiles (below) for the TG5-S sample vs. model predictions that account for grain growth, and model predictions that assume a constant grain size.
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